Abstract Cryptosporidium spp. is a major cause of diarrheal disease worldwide, particularly in malnourished children and untreated AIDS patients in developing countries in whom it can cause severe, chronic, and debilitating disease. Unfortunately, there is no consistently effective drug for these vulnerable populations and no vaccine, partly due to a limited understanding of both the parasite and the host immune response. In this review, we will discuss our current understanding of the systemic and mucosal immune responses to Cryptosporidium infection, discuss the feasibility of developing a Cryptosporidium vaccine, and evaluate recent advances in Cryptosporidium vaccine development strategies
Introduction
Cryptosporidium spp. are intestinal apicomplexan parasites that cause significant diarrheal disease in humans worldwide [1] [2] [3] [4] .
Diarrhea causes nearly 11 % of deaths in children under the age of five [5] , and the recent landmark Global Enteric Multicenter Study (GEMS) case-control study identified Cryptosporidium as one of four pathogens responsible for moderate to severe diarrhea in children in this age group, as well as the second leading cause of diarrheal disease and death in infants in seven countries in South Asia and sub-Saharan Africa [6] . For those who survive, cryptosporidiosis becomes part of a vicious cycle of infection and malnutrition, leading to growth failure, cognitive delays, and physical impairment [7] . In addition, Cryptosporidium infection is a major cause of AIDSassociated diarrhea, with incidence rates reaching as high as 80 % in developing countries [8] . Though infection of immunocompetent hosts is often asymptomatic or self-limiting, Cryptosporidium infection of untreated AIDS patients can lead to unrelenting disease and increased mortality [8] . In industrialized nations, rates of cryptosporidiosis are increasing due to water-borne outbreaks, largely from recreational water sources [9, 10] . Cryptosporidium caused nearly one third of water-borne outbreaks reported in the USA in 2009-2010 [10] . Ease of transmission and dissemination has led to the inclusion of Cryptosporidium as a priority pathogen for biodefense [11] . Yet, in spite of the global impact of cryptosporidiosis, there is no consistently effective therapy for those most affected by the disease [12] . Nitazoxanide, the only FDA-approved drug for cryptosporidiosis, is ineffective in AIDS patients and has not been widely tested in malnourished children [12, 13] . The development of new interventions in these vulnerable populations is urgent, but the inability to continuously propagate or genetically manipulate the parasite in vitro is a major challenge to finding suitable drug targets. Furthermore, an incomplete understanding of the host immune response to Cryptosporidium has impeded development of an effective vaccine strategy. In this review, we will outline recent advances in our understanding of immune responses to Cryptosporidium, discuss the feasibility of developing a Cryptosporidium vaccine, and describe recent advances in vaccine development strategies.
Life Cycle
Before discussing host immune responses and potential intervention targets and strategies, it is important to first understand the life cycle of Cryptosporidium. Infection is initiated by the ingestion of environmentally resistant oocysts, which excyst in the small intestine and release sporozoites, the primary invasive stage [14] . Triggers of excystation are not fully understood but include changes in temperature and pH, as well as the presence of bile salts [15] . Excysted sporozoites then undergo a unique process known as gliding motility in which surface protein translocation is coupled to actin myosin-dependent motility, leading to migration across the surface of epithelial cells [16] . During this process, cellbinding adhesins are secreted from a region within the sporozoites known as the Bapical complex,^a collection of secretory organelles-micronemes, dense granules, and a rhoptry-that release proteins in a temperature-and calciumdependent manner [15, 17] . Cryptosporidium is unique among apicomplexans in that it relies heavily on O-glycosylated mucin-like glycoproteins for attachment to and invasion of host cells [17] [18] [19] [20] [21] . These include the circumsporozoite-like glycoprotein CSL [21] , gp900 [18] , gp40 and gp15 [19] , and Muc4 [20] , all of which localize to the surface and/or apical region of sporozoites and bind to intestinal epithelial cells in vitro. Following invasion, the parasite undergoes intracellular development within a parasitophorous vacuole composed of both host and parasite components [22] . Small villi-like folds of the parasite cytoplasm extend into the host cell to form a structure similar to a desmosome, called the feeder organelle [22, 23] . It is speculated that the feeder organelle acts as a route of transport between the parasite and host. Within the parasitophorous vacuole, the parasite undergoes both sexual and asexual development [17, 24] . Merozoites released during the asexual cycle can invade neighboring epithelial cells to maintain infection. Microgametes and macrogametes formed during the sexual cycle fuse to form zygotes, which mature into thin-or thickwalled oocysts. Thin-walled oocysts excyst in the small intestine leading to autoinfection, especially in AIDS patients, while thick-walled oocysts are released into the environment.
Immune Responses to Cryptosporidium
The host immune response to Cryptosporidium involves components of both the innate and adaptive immune systems. Several recent reviews have discussed these responses in detail [25] [26] [27] [28] . Here, we will review advances made in the past few years.
Innate Immune Responses
Upon ingestion, oocysts and excysted sporozoites first encounter innate immune components along the gastrointestinal tract. Early mediators of innate immune protection include the thick mucus layer of the small intestine, intestinal epithelial cells (IECs), and chemokines, cytokines, and antimicrobial peptides (AMPs) secreted into the intestinal lumen and/or underlying submucosa and bloodstream [29] . Previous studies have elucidated the importance of IECs and soluble mediators during Cryptosporidium infection [30] . IECs provide an initial mechanical and functional barrier [31] and also serve as the primary host cell for Cryptosporidium infection. IEC as well as biliary epithelial cells express several toll-like receptors (TLRs), including TLRs 2, 4, 5 and 9, which have been shown to be important in modulation of the host immune response and subsequent parasite clearance [32] [33] [34] [35] [36] . In response to infection, IECs secrete chemokines and cytokines such as IL-8, CXCL10, and CCL2 responsible for the recruitment of inflammatory cells and activation of adaptive immune cells [30, 37, 38] , prostaglandins that enhance intestinal fluid secretion [39] , and AMPs like β-defensins, which are capable of directly killing sporozoites in vitro [40] . Recently, it was shown that CCL20, a chemokine [41] and AMP [42•] secreted, in part, by IECs in the intestine, was downregulated during Cryptosporidium infection of neonatal mice [43] . Furthermore, oral administration of recombinant CCL20 reduced parasite burden in a manner independent of immune cell recruitment, but rather via direct cytolytic activity on extracellular infective stages of the parasite. CX3CL1 is another chemokine recently shown to be important during Cryptosporidium infection [44] . Its soluble form acts as a potent recruiter of leukocytes, while its membrane-bound form functions as an adhesion molecule for CX3CR1+ T lymphocytes, NK cells, and monocytes [45] . Chen and colleagues found that CX3CL1 expression in biliary epithelial cells was increased in a manner dependent on NF-κB during Cryptosporidium infection in vitro [44] . This effect also extended to a mouse model of Cryptosporidium biliary infection, in which recruitment of CX3CR1+ cells to the biliary tract was increased in livers of infected mice. In addition to chemokines, proinflammatory cytokines secreted by IECs and phagocytes have been shown to play a crucial role in the innate immune response to Cryptosporidium [26, 30] . Lastly, mannose-binding lectin (MBL), a soluble innate immune mediator secreted by hepatocytes, has been shown to be important in the protection against cryptosporidiosis. Several studies have shown that low serum MBL in children and AIDS patients is associated with increased susceptibility to recurrent Cryptosporidium infection [46, 47] . The mechanism by which MBL protects against infection is not fully understood but likely involves complement activation on extracellular stages of the parasite [47] .
Early in infection, interferon gamma (IFN-γ) secreted by NK cells, macrophages, and dendritic cells is thought to be the major cytokine involved in orchestrating both the innate and adaptive immune responses [25, 26, [48] [49] [50] , but recent evidence suggests that IL-18 is important in the control of Cryptosporidium infection as well [51•, 52-54] . IL-18 is secreted by IECs, macrophages, and dendritic cells at sites of infection [53] . Its effects are pleiotropic and include stimulation of IFN-γ and tumor necrosis factor alpha (TNF-α) production by immune cells, chemotaxis of inflammatory cells, maintenance of epithelial integrity, and stimulation of AMP secretion by IECs [51•, 52, 53, 55] . How IL-18 protects against Cryptosporidium infection is not fully understood, but it likely involves multiple effector functions. McDonald and colleagues previously found that IL-18 might reduce Cryptosporidium infection via enhancement of secretion of AMPs by IECs [52] . More recently, they found that IL-18 confers protection against Cryptosporidium parvum infection in vivo by coordinating with IL-12 to enhance IFN-γ production by macrophages [53] . These results were supported by studies done by Mead and colleagues, who found that IL-18 protected against C. parvum infection in vivo via stimulation of IFN-γ production and AMP expression [51•] . They also found that mouse dendritic cells were able to produce IL-18 upon stimulation with C. parvum antigens [56] . It is unclear whether the effects of IL-18 on IFN-γ and AMP production are mutually exclusive or whether IL-18-dependent stimulation of AMP production by IECs is due to enhanced IFN-γ secretion.
Upon their interaction with Cryptosporidium, IECs relay signals to innate immune effector cells [25, 26, 38, 57, 58] . These include dendritic cells, NK cells, macrophages, neutrophils mast cells, and eosinophils. Dendritic cells migrate toward areas of C. parvum infection in an IFN-γ-dependent manner [38] , but until recently, their role in clearance of the parasite was unclear. In vitro studies found that bone marrowderived dendritic cells challenged with C. parvum sporozoites or antigens secreted a number of cytokines, including type I IFN, TNF-α, IL-6, IL-1β, IL-12, and IL-18 [36, 56, 59] . More recent studies have elucidated the importance of dendritic cells in vivo. Mead and colleagues found that depletion of dendritic cells in adult mice significantly increased oocyst shedding and intestinal pathology [60] . Furthermore, parasite burden was reduced upon adoptive transfer of dendritic cells, with longer protection observed in mice receiving dendritic cells stimulated with live parasite in vitro prior to transfer. Laurent and colleagues extended this finding by evaluating the role of dendritic cells during C. parvum infection in neonatal mice [61••] , which are more susceptible to infection compared to adults. They found that neonatal mice had significantly lower numbers of intestinal CD103+ dendritic cells during the first weeks of life, when the mice were most susceptible to infection. Stimulation of dendritic cell production during this period led to increased resistance to infection through a mechanism dependent on IL-12 and IFN-γ and independent of adaptive responses. Recently, dendritic cells were shown to transport Cryptosporidium parasites and antigens to mesenteric lymph nodes in mice [36] , possibly to activate adaptive immune cells, though it is not clear whether antigens are able to cross the parasitophorous vacuolar membrane for antigen processing and presentation. Together, these studies suggest that dendritic cells not only play a role in the clearance of Cryptosporidium infection, but may also be necessary during the activation of the adaptive immune response. Furthermore, their absence early in development may contribute to the increased susceptibility to mucosal infections found in neonates.
NK cells serve as a major source of IFN-γ early in infection (reviewed in [26] ). They are activated by IL-15 secreted by IECs and have been shown to lyse C. parvum-infected IECs in response to IL-15 in vitro [62] . Previous studies found that mice lacking functional NK cells were more susceptible to Cryptosporidium infection [63, 64] , while treatment of immunocompetent and immunodeficient mice with IL-12, a potent NK cell activator, enhanced protection [65] . Both studies found that NK cell-dependent protection was primarily mediated through IFN-γ. Drouet and colleagues recently found an increase in early recruitment of activated, perforin + NK cells to areas of infection in neonatal lambs infected with C. parvum [66•] . These studies suggest that the role of NK cells during Cryptosporidium infection may involve both IFN-γ-mediated protection and direct cytolysis.
In addition to dendritic and NK cells, mast cells may be necessary for parasite clearance [58] , but their role during Cryptosporidium infection remains poorly understood. Mast cells play a pivotal role in bacterial and parasitic infections [67, 68] . They secrete inflammatory mediators (histamine, cytokines, prostagalandins, leukotrienes) locally and systemically, mobilize and recruit innate and adaptive immune components, and generally influence an overall Th2-type immune response [67, 68] . In mice infected with Cryptosporidium muris, accumulation of gastric mucosal mast cells was shown to correlate with oocyst shedding, suggesting a role in parasite clearance [69] . Similarly, Zhang and colleagues found an association between intestinal mucosal mast cell accumulation and C. parvum infection in calves [70] , with increased recruitment associated with enhanced clearance of the parasite. Mast cells may also contribute to jejunal hypersensitivity in rats infected with C. parvum [71] . Still, most of these studies have focused on evaluating a correlation between mast cell recruitment and parasite clearance and pathology. Future studies should aim to elucidate whether Cryptosporidium can trigger mast cell degranulation and whether mast cell depletion or inhibition of degranulation affects parasite clearance. It would also be interesting to evaluate whether mast cells influence the Th1/Th2 balance during infection, as Cryptosporidium generally induces a Th1-type response [25, 26, 72] .
Advances in genomic research have uncovered another crucial component of the innate immune response against Cryptosporidium-noncoding RNAs (ncRNAs) [73] . In particular, recent studies have found significant alterations in TLR4-and NF-κB-dependent microRNA (miRNA) regulation in epithelial cells infected with C. parvum [74] . These studies also found that inhibition of select miRNAs led to enhanced infection in vitro, suggesting a direct link between miRNA regulation and host cell protection against Cryptosporidium. Relevant functional targets include KHtype splicing regulatory protein (KSRP) [75] , SNAP23 [76•], CX3CL1 [44] , CCL20 [43] , and ICAM-1 [77] . KSRP is an RNA-binding protein that regulates messenger RNA (mRNA) decay of several important immune mediators, including inducible nitric oxide synthase (iNOS) [78] . Recently, Chen and colleagues discovered that the miRNA miR-27b directly downregulated KSRP translation during C. parvum infection in vitro, which led to increased iNOS mRNA stability and NO production [75] . Inhibition of miR-27b led to an increase in infection due to upregulation of KSRP translation and enhanced iNOS decay. Another study by this group found that downregulation of let-7 miRNAs during C. parvum infection led to increased SNAP23 expression and a subsequent increase in exosome release from biliary epithelial cells [76•] . These exosomes, which carry immune effector molecules like AMPs, were able to directly interact with C. parvum sporozoites to reduce their viability and infectivity. This group also found that another miRNA, miR-221, regulated ICAM-1 expression during C. parvum infection, possibly as a means to enhance lymphocyte homing to sites of infection [77] . Lastly, two chemokines mentioned previously, CX3CL1 and CCL20, were also found to be regulated by miRNAs during C. parvum infection [43, 44] . CX3CL1 is negatively regulated by miR-424 and miR-503, whereas CCL20 is negatively regulated by miR-21. Interestingly, miR-21 was upregulated during C. parvum infection, which led to downregulation of CCL20 and an increase in parasite burden. This suggests that Cryptosporidium has developed ways of dampening the innate immune response via the regulation of miRNAs.
Adaptive Immune Responses
The importance of the adaptive immune response during Cryptosporidium infection is highlighted by the susceptibility of AIDS patients to cryptosporidiosis, as well as the resolution of infection observed following CD4+ T cell reconstitution in patients given antiretroviral therapy [8, 25] . Though disease severity in humans is often viewed as being inversely proportional to absolute CD4+ T cell numbers, Tzipori and colleagues recently found that persistent cryptosporidiosis in macaques was more dependent on SIV load, viral damage to gut lymphoid tissue, and rapid depletion of mucosal CD4+ T cells during the acute phase of viral infection than on declining circulating CD4+ T cell levels during chronic SIV infection [79] , suggesting that depletion of local CD4+ T cells may be more predictive of disease severity than absolute CD4+ T cell numbers.
Much of our understanding of the cell-mediated immune response to Cryptosporidium infection is limited to CD4+ T cells; the role and importance of CD8+ T cells are less clear [50] . Previous studies found that CD8+ T cell numbers increased during Cryptosporidium infection of macaques [79] , and both CD4+ and CD8+ T cells isolated from humans with previous Cryptosporidium infection could produce IFN-γ in response to stimulation by Cryptosporidium hominis antigens [80] . Furthermore, in vitro studies found that CD8+ T cells isolated from donors with prior exposure to Cryptosporidium were able to lyse C. parvum-infected IECs in a manner dependent on the release of cytotoxic granules [81] . The importance of CD8+ T cells in vivo was recently studied by Salát and colleagues [82] , who found that reconstitution of immunocompromised mice with activated CD8+ T cells significantly reduced the length and severity of C. muris infection, albeit to a lesser extent than reconstitution with CD4+ T cells. Regardless, these studies suggest that CD8+ T cells contribute to the cell-mediated immune response to Cryptosporidium, likely via direct cytolysis of infected IECs and through IFN-γ-mediated protection and clearance.
The role of humoral immunity during Cryptosporidium infection is incompletely understood. Passive immunization studies in animal models have shown a correlation between anti-Cryptosporidium antibody administration and reductions in oocyst shedding and disease severity (reviewed in [50, 83] ). The use of hyperimmune bovine colostrum for passive immunotherapy of cryptosporidiosis in humans has also been evaluated, with variable results [50, 83] . Numerous studies in humans have found an association between levels of antiCryptosporidium antibodies and history of infection [25, 84-87, 88••, 89] . Our studies found significantly increased IgG, IgM, and IgA responses to C. parvum p23 and increased IgG and IgA responses to C. parvum and C. hominis gp15 in Bangladeshi children infected primarily with C. hominis [86, 87] , suggesting a cross-reactive humoral response to gp15. We found a similar phenomenon in anti-gp15 antibody responses in South Indian children infected with Cryptosporidium [84] . Interestingly, several studies found that acute and asymptomatic cryptosporidiosis were associated with higher IgG, IgM, and/or IgA responses to Cryptosporidium spp. antigens compared to persistent cryptosporidiosis [86, 87, 88••] , suggesting that humoral immunity may play a role in limiting the length and severity of infection. However, it is also likely that the association between anti-Cryptosporidium antibody responses and disease may reflect underlying cell-mediated immune responses. We found that not only did HIV-infected patients with asymptomatic cryptosporidiosis have higher circulating IgG and fecal IgA levels to Cryptosporidium antigens compared to patients with diarrhea, but these patients, on average, also had significantly higher CD4+ T cell counts [88••] , which is known to be more predictive of disease severity. Future studies should aim to distinguish between the correlative and causative effects of the humoral response during Cryptosporidium infection.
Vaccine Development Considerations and Concerns
Before discussing potential vaccine candidates, it is important to first consider the feasibility of developing an effective vaccine against Cryptosporidium. The ideal vaccine should provide rapid life-long immunity in all vaccinated individuals, be broadly protective against the most common species and subtypes of the organism, prevent disease transmission, and be readily accessible, stable, and cheap (reviewed in [28, 90] ). Multiple Cryptosporidium species and subtypes can infect vulnerable populations, primarily malnourished children and immunocompromised individuals in developing countries. An effective Cryptosporidium vaccine should elicit a strong cross-protective mucosal immune response to subtypes of both C. parvum and C. hominis, the two most common species infecting humans. Although, all subtypes of C. hominis are anthroponotic, C. parvum displays anthroponotic as well as zoonotic subtypes. C. parvum has a broad host range, and host specificity varies by species subtype [91] . A recent study showed that infection of gnotobiotic pigs with C. hominis led to complete protection against subsequent infection with C. hominis, but incomplete protection against infection with C. parvum [92] , suggesting that targeting a single species alone is not sufficient to provide cross-protection against different species. Similarly, we showed that immune responses to the polymorphic gp40 antigen are, in part, subtype-specific in infected children (Ajjampur et al. 2011) . Therefore, vaccine development should focus on targeting those subtypes most common in human infections. The vaccine should also be effective in children and immunocompromised individuals and cheap and accessible to populations in developing countries. To date, there are no FDA-approved parasite vaccines, likely due to the greater complexity of these organisms compared to bacteria and viruses. Though several studies suggest that humoral cross-reactivity between species exists [84, 86, 87] , whether this is associated with cross-protection is unknown. Use of a live, attenuated form of Cryptosporidium may be required to elicit a strong mucosal immune response (reviewed in [28] ). Though this is generally not an issue in immunocompetent individuals, live, attenuated organisms may still cause disease or transmit infection in patients with underlying immune disorders. Lastly, populations most affected by cryptosporidiosis may not have the capacity to develop robust, sustained immune-mediated protection in response to vaccination. Therefore, the use of adjuvants may be necessary to enhance immune responses in these populations. TLR ligands have been used as adjuvants in numerous vaccine trials, with many providing enhanced protection compared to vaccination with antigen alone [93] . In addition, several studies have shown that administration of TLR agonists in mice infected with Cryptosporidium leads to a more robust immune response and accelerated parasite clearance [33, 35] , supporting their feasibility as effective vaccine adjuvants.
Cryptosporidium Antigens and Putative Vaccines
In order to elicit a protective immune response, vaccines must contain antigens exposed to the host immune system; this may involve use of a single protein, multiple antigens, or the entire organism. As discussed previously, use of a live, attenuated Cryptosporidium vaccine may still cause disease in immunocompromised populations. Its development is also challenging due to an inability to continuously propagate or genetically manipulate the parasite in vitro. Therefore, most studies have focused on the immunogenic potential of specific proteins involved in attachment to and invasion of host cells, such as CSL, gp900, gp40, gp15/17, Cp15/60, Cp23/27, Cp12, and Muc4 (reviewed in [28, 83] ). Antibodies targeting these proteins can inhibit Cryptosporidium infection in vitro [17, 20, 94] , and humoral responses to several of these antigens are elevated in patients with cryptosporidiosis [25, 84-87, 88••, 89] . A few of these antigens such as gp900, gp40, gp15/17, and Cp23/27 have been shown to induce cellular immune responses in animals or humans [56, 80, 95] . However, it is not known whether these responses are protective. This is critical, since protective immunity to Cryptosporidium is mostly cell-mediated.
The type of vaccine is another important consideration. Broadly, Cryptosporidium vaccines can be divided into three categories: protein antigens, DNA-based vaccines, and antigens expressed in bacterial and parasite vectors (reviewed in [28] ). DNA-based methods involve administration of a plasmid encoding a particular antigen. The plasmid is taken up by host cells, and the antigen is expressed and exposed to the immune system. Several recent studies have evaluated DNA-based vaccines for Cryptosporidium P2, Cp12, Cp15/60, Cp23, Cp21, and COWP [96-99, 100•] . He and colleagues recently compared the efficacy of univalent and divalent DNA-based vaccines containing Cp15 and/or Cp23 [97] . Infected mice immunized with the divalent construct developed stronger immune responses and shed fewer oocysts than mice given the univalent vaccine. Similarly, Huang and colleagues found that a divalent DNA-based vaccine containing Cp15 and Cp23 elicited more protection in infected mice than immunization with a single antigen or crude protein [100•] , suggesting that immunization with multiple antigens enhances protection. Still, DNA-based vaccines have several disadvantages, including poor immunogenicity, improper processing of foreign antigens, and the potential of host cell transformation [101] . Bacterial vectors offer the advantage of inducing strong systemic and mucosal immune responses but must be attenuated to prevent potential damage to the host [28] . Attenuated Salmonella vaccines have been used for several Cryptosporidium antigens [28] . Mead and colleagues showed that oral administration of a Salmonella serovar Typhi vector encoding Cp23 and Cp40 led to specific immune responses against these antigens [102] . More recently, Galen, Buck, Guerrant, and colleagues developed a Salmonella serovar Typhi vector containing Cp15 and evaluated its efficacy via intranasal administration in well-nourished and malnourished mice infected with Cryptosporidium [103•, 104, 105••] . Unfortunately, disease course was not affected by immunization. Both well-nourished and malnourished immunized mice developed strong systemic immune responses, but only well-nourished mice developed a robust local immune response, suggesting that malnutrition negatively impacts the mucosal immune response during infection or immunization-an important finding considering the significant burden of Cryptosporidium in malnourished children. Another study found that mice immunized with a Lactobacillus casei bacterial vector containing C. parvum p23/27 developed systemic and mucosal immune responses against Cryptosporidium [106] . Together, these studies support the use of bacterial vectors for the production of robust systemic and local immune responses to Cryptosporidium antigens. Parasite vectors expressing Cryptosporidium antigens offer the additional advantage of post-translational modifications and presenting of antigens similar to native Cryptosporidium proteins. Toxoplasma gondii, an apicomplexan parasite similar to Cryptosporidium, is commonly used as a heterologous expression system for other apicomplexans [107] and could therefore serve as an effective vector for Cryptosporidium antigens. C. parvum gp40, gp15, and p23 have been successfully expressed in T. gondii and display similar post-translational modifications as the native proteins [108, 109] . Unfortunately, though it has shown promise as a Cryptosporidium vaccine in animal models [109] , the disease risks associated with infecting humans with T. gondii are too great [28] . Use of attenuated or avirulent strains of T. gondii or immunization with purified recombinant proteins expressed in T. gondii may be explored in the future.
Though most vaccine studies have focused on a few Cryptosporidium antigens, other promising candidates likely exist. In order to identify new potential vaccine targets, researchers should focus on ways to screen for proteins that are necessary for infection and can induce protective cellmediated immune responses. It is important to note that many of the proteins implicated in Cryptosporidium attachment and invasion undergo extensive post-translational modification, particularly glycosylation [17] . These modifications may be necessary for the function and immunogenic potential of the protein and, therefore, are important to consider when designing a screen for Cryptosporidium antigens. A phage-display C. parvum complementary DNA (cDNA) library was used to identify the surface antigen Cp12 and the immunodominant acidic ribosome protein P2 [110, 111] . Zhang and colleagues recently utilized a cell-free ribosome display platform to screen a C. parvum cDNA library for proteins that could adhere to IECs [112] . They discovered a novel protein, Cp20, which localized to the surface of both C. parvum sporozoites and oocysts. Mice immunized with a DNA vaccine containing the Cp20 sequence developed strong cell-mediated and humoral immune responses against Cryptosporidium and shed fewer oocysts than unvaccinated mice, suggesting that Cp20 may serve as an effective vaccine target. Another promising screening technique is the use of Breverse vaccinology,^in which the Cryptosporidium proteome is mined in silico in order to identify potential surface proteins exposed to the immune system during infection. Buck and colleagues recently utilized this technique to identify several well-known and novel Cryptosporidium vaccine candidates, including Cp15, profilin, and calcium apyrase [105••] . Mice vaccinated with a live Salmonella vector expressing these proteins developed strong, specific cell-mediated and humoral responses, suggesting that these antigens may elicit a protective immune response against Cryptosporidium and thus serve as effective vaccine targets. Additional studies should aim to determine whether immunization with these antigens also provides protection from Cryptosporidium infection.
Conclusions
The host immune response to Cryptosporidium infection involves components of both the innate and adaptive immune systems. IECs provide a first line of defense, followed by the recruitment of innate immune cells such as NK cells, dendritic cells, macrophages, and mast cells. Together, they secrete AMPs, inflammatory mediators, chemokines, and cytokines and activate and mobilize cells of the adaptive immune system. CD4+ T cells and IFN-γ are essential to the clearance of Cryptosporidium infection, but CD8+ T cells and humoral responses may play a role as well. Still, our understanding of the immune response to Cryptosporidium is limited, which provides a major obstacle to the development of immunebased interventions. Numerous Cryptosporidium proteins mediate infection and are immunogenic in humans, but few have shown promise as effective vaccine candidates, partly because we do not fully understand which immune responses are necessary for protection. Another obstacle is our inability to propagate or genetically manipulate the parasite in vitro, which hinders our search for and validation of other potential vaccine candidates. Clearly, the development of an effective vaccine against Cryptosporidium is a challenge-one that will require significant advancements in our understanding of both the parasite and the host immune response.
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